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Ab stract
The gas-pha se aci dity and the pKa va lues of the or ga nic acids have been at trac ting a lot of at ten tion from or ga nic and
analy ti cal che mists. The gas-pha se aci dity and pKa cal cu la tions for so me oxo car bon acids we re in ve sti ga ted un der
B3LYP/6-311+G(d,p) le vel of theory. In this study, four oxo car bon acids, CnOnH2 we re se lec ted, na mely del tic acid (n =
3), squa ric acid (n = 4), cro co nic acid (n = 5) and rho di zo nic acids (n = 6). The cal cu la tions in gas pha se show that the
gas-pha se aci dity of the acids in crea ses as the ring si ze increa ses due to the for ma tion of re so nan ce-sta bi li zed mo noa -
nions and dia nions. Sol va tion free energy is re qui red in pKa cal cu la tion. Ho we ver, the re is sig ni fi cant un cer tainty in cal -
cu la ting the sol va tion free energy using theo re ti cal met hods. The re fo re, three met hods to cal cu la te the free energy of
sol va tion we re adop ted for com pa ri son, which are the (i) sol vent reac tion field (SCRF) met hod using the Sim ple Uni ted
Atom To po lo gi cal Mo del (UA0); (ii) SCRF using the Uni ted Atom To po lo gi cal Mo del (UAHF) op ti mi zed for HF/6-
31G(d) le vel of theory; and (iii) Lan ge vin di po les (LD) met hod. From the re sults ob tai ned, it was shown that SCRF met -
hod with UAHF ato mic ra dii has the po ten tial of re pro du cing the ex pe ri men tal va lues. The cal cu la ted pKa va lues we re
in good agree ment with ex pe ri men tal re sults and ha ve shown that the cro co nic acid, C5O5H2 is found to be the most aci -
dic in aqu e ous pha se.
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1. Intro duc tion
Cyclic oxo carbon acids, CnOnH2 stu died in this

work are di pro tic or ga nic acids in which upon de pro to -
na tion of the two pro tons, it will form cyclic oxo car bon
dia nions con si sting of only car bon and oxy gen atoms.
The cyclic oxo car bon dia nions, CnOn

2– are one of the
many groups in the oxo car bon fa mily. The dia nions ha ve
sp2 or bi tals on all the carbon atoms, al lo wing the de lo ca -
li za tion of the ne ga ti ve char ge and thus en han cing their
aci di ties.

The cyclic oxo car bon acid and dianions, (n = 3, 4, 5,
6) we re synthe si zed many years ago. The two smal lest
cyclic oxo car bon acids; del tic acid (C3O3H2),

1 squa ric
acid (C4O4H2)

2,3 and their res pec ti ve dia nions we re
synthe si zed re cently but cro co nic acid (C5O5H2)

4 and rho -

di zo nic acid (C3O3H2)
5 along with their dia nions ha ve

been known sin ce mo re than a cen tury ago.
Many stu dies ha ve been do ne to in ve sti ga te the

struc tu re and aro ma ti city of oxo car bon dia nions be cau se
they ex hi bit high de gree of elec tron de lo ca li za tion which
has be co me the sub ject for se ve ral stu dies.6–8 It was found
that the aro ma ti city of oxo car bon dia nions de crea ses as
the ring si ze in crea ses. Many stu dies on the spec tros co pic
in ve sti ga tions9–11 we re do ne to in ve sti ga te the vi bra tio nal
spec tros copy of oxo car bon dia nions. For in stan ce, a theo -
re ti cal and ex pe ri men tal study was con duc ted by Oli vei ra
et al.12 to in ve sti ga te the vi bra tio nal spec tros copy and aro -
ma ti city of dif fe rent squa ra te salts and it was re por ted that
the de gree of elec tron de lo ca li za tion and aro ma ti city in -
crea ses with in crea sing si ze of the coun ter-ions. Ot her
than that, the struc tu re and aro ma ti city of thio car bon com -
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pounds, the ana lo gue of oxo car bons ha ve al so been in ve -
sti ga ted in va ri ous theo re ti cal stu dies using nuc leus in de -
pen dent che mi cal shift, NICS met hod.13,14

The de ri va ti ves of oxo car bon acids ha ve been the
sub ject in va ri ous theo re ti cal in ve sti ga tions on the aci dity
of the com pounds. Zhou et al.15–17 ha ve re por ted on the
struc tu re, aro ma ti city and gas pha se aci dity of dif fe rent
de ri va ti ves and ana lo gues of squa ric acid in their stu dies.
One of the de ri va ti ves stu died, 1,2-dit hios qua ric acid was
found to be not aro ma tic as it has no π-elec tron de lo ca li -
za tion. The aro ma ti city and aci dity of de ri va ti ves of ni tro -
gen squa ric acid was in ve sti ga ted by Xue et al.18 and it
was al so found that not all the de ri va ti ves of squa ric acid
ex hi bit full aro ma ti city. 

The cyclic oxo car bon acids un der study and their
de ri va ti ves we re known to ha ve so me ap pli ca tions in me -
di ci nal and in du strial field. The smal lest acid, del tic acid
has very litt le ap pli ca tion whi le the ot her cyclic oxo car -
bon acids and their de ri va ti ves of fer a wi de ran ge of use in
in du strial field. Squa ric acid is known to be a good ca -
talyst in se ve ral reac tions such as the Mu kai ya ma al dol
and Mic hael reac tions.19 It can al so be used as a green and
envi ron men tally friendly ca talyst in Mic hael and Man -
nich-type reac tions.20,21 Cro co nic acid de ri va ti ves are be-
ing used as dyes in many com pa nies and many of them
ha ve ac qui red pa tent for the re search.22 Rho di zo nic acid
on the ot her hand is used to de tect lead as it chan ges co -
lour from gol de nrod to pink when ex po sed to lead.23,24 In
medical field, squa ric acid di buty le ster (SADBE) is very
well known in the treat ment of warts di sea se.25–27 It was
al so re por ted that rho di zo nic acid has blood su gar lo we -
ring effect in rab bits.28

Many theo re ti cal stu dies ha ve been con duc ted to
cal cu la te the pKa va lues of the or ga nic acids. Ho we ver,
un til now, accu ra te cal cu la tion of pKa va lues using theo re -
ti cal met hod has been the main prob lem as the re is no pre -
ci se way of cal cu lating the free energy of sol va tion of a
pro ton due to sig ni fi cant uncer tainty in the va lue ob tai ned.
The re fo re, an ex pe ri men tal va lue for free energy of sol va -
tion was adop ted in our cal cu la tion and it was re cently
mea su red as –1104.5 k J mol–1, which is equal to –264.23
kcal mol–1.29 The re cent work by Ma vri et al. al so adop ted
the sa me va lue of free energy sol va tion of pro ton in their
cal cu la tions.30,31 Due to the am bi gu ous theo re ti cal met -
hods in cal cu la ting pKa va lues for or ga nic acids, nu me -
rous met hods had been at temp ted in the past to re pro du ce
ex pe ri men tal re sults. Most re search use the sim ple po la ri -
zab le con ti nuum mo del (PCM) to ob tain the sol va tion free
energy.32–34 In the cour se of ac hie ving a bet ter ac cu racy,
Plie go et al. pro po sed a hybrid met hod by ex pli citly inc lu -
ding the sol vent mo le cu les in the or ga nic system and ob -
tai ning the sol va tion energy of the clu sters using con ti -
nuum cal cu la tion.35–37 Anot her met hod was pro po sed by
Ce rar et al. to pre dict the pKa va lues of poly pro tic acid
through the re la tions hip bet ween sur fa ce-elec tro sta tic po -
ten tials with the known aqu e ous aci di ties of the acid.38 A

re search to de ter mi ne the pKa va lues of ace ta tes in wa ter
re por ted that the use of a mi xed QM/MM-Ewald si mu la -
tions we re ab le to gi ve ac cu ra te and con sistent eva lua tion
of the va lues of ace ta tes and bi car bo na te ions.39 The
search for al ter na ti ve met hods to cal cu la te the pKa va lues
mo re ac cu ra tely and con si stently is still on going and a
com men tary by Coo te and co-wor kers dis cus sed the po -
ten tial er rors and so lu tions to this prob lem.40

The pKa va lues of the oxo car bon acids we re pre vi -
ously de ter mi ned in ex pe ri men tal works, with the use of
p H po ten tio me try, con duc to me try and spec trop ho to me try
met hods.41–44 Ho we ver, to the best of our know led ge, the -
re is no study re por ted on theo re ti cal in ve sti ga tion of the
pKa va lue of acids, CnOnH2. The re fo re, del tic acid (n = 3),
squa ric acid (n = 4), cro co nic acid (n = 5) and rho di zo nic
acid (n = 6) we re se lec ted in this pre sent work to de ter mi -
ne the pKa va lues for the first and se cond dis so cia tion.
Sin ce the cal cu la tion of the gas-pha se aci dity and the pKa
va lues de pends on the cal cu la tion of the solva tion free en-
ergy, three met hods of cal cu la tion we re used to cal cu la te
the solva tion free energy, which are LD met hod by Flo -
rian and Wars hel, and the two dif fe rent mo le cu lar ca vi ties
cal cu la tions in Po la ri zab le Con ti nuum Mo del (SCRF/
PCM) im ple men ted in Gaus sian03 pro gram. Mole cu lar
ca vity used in the SCRF cal cu la tion al so af fects the va lue
of sol va tion free ener gies ob tai ned. In this study, the two
mo le cu lar ca vi ties used are the Sim ple Uni ted Atom To -
po lo gi cal Atom (UA0) and the Uni ted Atom To po lo gi cal
Atom (UAHF) which is op ti mi zed for HF/6-31G(d) le vel
of theory. By using the in for ma tion ob tai ned from the
theo re ti cal cal cu la tions and in com pa ri son with the ex pe -
ri men tal stu dies we ho pe we can draw a conc lu sion for a
sui tab le theo re ti cal met hod to pre dict gas-pha se aci dity
and the pKa va lues. Be si des, this study may help with ot -
her types of or ga nic acids in the ab sen ce of ex pe ri mental
re sults.

2. Com pu ta tio nal Met hod

Gas-pha se aci dity and the pKa va lue of the fol lo wing
acids: del tic acid, squa ric acid, cro co nic acid and rho di zo -
nic acid we re in ve sti ga ted using the theo re ti cal cal cu la -
tions. All cal cu la tions we re do ne with the Gaus sian03
pro gram pac ka ge.45 The geo me tries of the neu tral, anion
and dia nion struc tu res in the gas pha se of each acid we re
op ti mi zed un der B3LYP/6-311+G(d,p) den sity func tio nal
theory le vels. The ap plied DFT met hod B3LYP uti li zes
the Bec ke three pa ra me ter hybrid gra dient-cor rec ted exc -
han ge func tio nal,46 com bi ned with the gra dient-cor rec ted
cor re la tion func tio nal of Lee, Yang and Parr.47 Vi bra tio nal
analy sis was per for med on the op ti mi zed struc tu res and
the re is no ima gi nary fre quency found for all the struc tu -
res, in di ca ting that all of them are in their ground sta te en-
ergy le vel. The energies of the struc tu res were cor rec ted
for the ze ro point vi bra tio nal energy. Gas-pha se aci dity of
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Brönsted acids is de fi ned as the free energy of de pro to na -
tion.48 Using the thermody na mic pa ra me ters ob tai ned
from the re sults of cal cu la tions, the gas-pha se aci dity of
each acid un der study can be pre dic ted. 

The free ener gies of sol va tion of the struc tu res
un der study we re ob tai ned using the sol vent mo del che -
mi stry of Ba ro ne et al.49 in Gaus sian03 through two dif -
fe rent mo le cu lar ca vi ties cal cu la tions and the Lan ge vin
di po les mo del (LD) by Flo rian and Wars hel.50–52 Using
the op ti mi zed geo me tries in gas pha se ob tai ned from
B3LYP/6-311+G(d,p) as the in put, we uti li zed the Po -
la ri zab le Con ti nuum Mo del (SCRF/PCM) cal cu la tion
with SCFVAC key word im ple men ted in Gaus sian03
pro gram to per form a full op ti mi za tion in wa ter sol vent
with two dif fe rent mo le cu lar ca vi ties, UA0 and UAHF.
Whi le for the UA0 ato mic ra dii cal cu la tion, B3LYP/6-
311+G(d,p) was used in gas pha se cal cu la tions, for
UAHF ato mic ra dii, HF/6-31G(d) was uti li zed. The op -
ti mi zed struc tu res in aqu e ous pha se show no ima gi nary
fre quency, in di ca ting that all of them are in their
ground sta te energy le vel. Merz-Koll man ato mic char -
ges of the op ti mi zed geo me tries in gas pha se ob tai ned
from B3LYP/6-311+G(d,p) le vel of theory we re used
as the in put for LD mo del. The free ener gies of sol va -
tion we re used to cal cu la te the aqu e ous free energy of
reac tion by using the ther mody na mic shown in Sche me
1. The si mi lar cycle was used in a study by Ken nedy et
al..33

Sche me 1: Ther mody na mic cycle

The fol lo wing equa tions (1) to (6) are used to cal cu -
la te the aqu e ous free energy of reac tion and the pKa va lue.
A cor rec tion of –RT ln V is al so re qui red in the cal cu la -
tions, to con vert from a stan dard sta te of 1 atm to 1 M.

ΔG1
o
solv = ΔGo

solv(HA–) + 
ΔGo

solv(H
+) – ΔGo

solv(H2A)
(1)

ΔG1
o
aq = ΔE1

o
gas + ΔG1

o
solv (2)

pKa1 = ΔG1
o
aq / (2.303RT) (3)

ΔG2
o
solv = ΔGo
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2–) + 

ΔGo
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+) – ΔGo
solv(HA–)

(4)

ΔG2
o
aq = ΔE2

o
gas + ΔG2

o
solv (5)

pKa2 = ΔG2
o
aq / (2.303RT) (6)

whe re, R = 1.986 cal mol–1 K–1 and T = 298 K.

3. Re sults and Dis cus sions

3. 1. Struc tu ral Analy sis
The acids un der study can exist in three con for ma -

tions de pen ding on the po si tion of one O-H bond re la ti ve
to the ot her O-H bond. Fi gu re 1 shows the struc tu res of the
three con for ma tions of each acid. The struc tu res we re fully
op ti mi zed un der B3LYP/6-311+G(d,p) in gas pha se and
the ener gies we re repor ted as shown in Tab le 1. The ener -
gies we re cor rec ted with their cor res pon ding ze ro point vi -
bra tio nal energies. It can be seen from Tab le 1 that the ZZ
iso mer is the most stab le among the three iso mers for all
the acids un der study, fol lo wed by ZE iso mer and lastly EE
iso mer. This fin ding is con si stent with the re sults found in
pre vi ous stu dies by Zhou et al.15–17 in which the in ve sti ga -
tions on dif fe rent de ri va ti ves of squa ric acid we re do ne.
Sin ce the ZZ iso mer is the most stab le among the three iso -
mers, only the in for ma tion of ZZ iso mer is used in the cal -
cu la tion of gas-pha se aci dity. Ot her than that, only the
struc tu re of the ZZ iso mer of each acid was used as in put
for op ti mi za tion in aqu e ous pha se. The point group of all
the op ti mi zed EE iso mers is C2v ex cept for the slightly twi -
sted iso mer of cro co nic and rho di zo nic acid in which their
point group is C2. All the ZE iso mers ha ve Cs point group
ex cept for the ZE iso mer of rho di zo nic acid which is in a
twi sted con for ma tion, has C1 point group. Lastly, the ZZ
iso mers of the acids ha ve C2v point group ex cept for ZZ
iso mer of cro co nic acid ha ving Cs point group and ZZ iso -
mer of rho di zo nic acid ha ving C2 point group.

Tab le 1: The to tal ener gies, ET of the three iso mers of each acid
cor rec ted with ze ro point vi bra tio nal energy, ZPVE, as cal cu la ted
with B3LYP/6-311+G(d,p).

Com pounds To tal Energy, ET / a.u.b

EE ZE ZZ
Del tic acid –341.149212 –341.154621 –341.156678

(0.048198)a (0.048572) (0.048729)

Squa ric acid –454.534317 –454.543751 –454.547146
(0.058495) (0.059365) (0.059605)

Cro co nic acid –567.894264 –567.909828 –567.915118
(0.068612) (0.069645) (0.070021)

Rho di zo nic acid–681.222878 –681.243079 –681.248664
(0.077837) (0.079152) (0.079501)

a The va lues in pa rent he ses are the ze ro point vi bra tio nal ener gies,
ZPVE.

b The va lues of the to tal ener gies ha ve been cor rec ted with ze ro
point vi bra tio nal energy, ET = Espe cies + ZPVE.
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3. 2. Gas-pha se Aci dity

The acids’ aci dity is in ve sti ga ted be cau se they yield
re so nan ce-sta bi li zed anions af ter dis so cia tion and ha ve
been the sub ject of many in ve sti ga tions. So me of the acids
un der study even pro du ce aro ma tic dia nions af ter dis so -
cia tion. It was found that the aro ma ti city of dia nion de -
crea ses as the ring si ze in crea ses.5 Re gard less, the for ma -
tion of the se re so nan ce-sta bi li zed dia nions was pre dic ted
to be the main fac tor that pus hes the equi li brium to the
right, fa vou ring the dis so cia tion of the pro tons. The struc -
tu res of dia nions CnOn

2– (n = 3–5) fa vour the Dnh symme -
try ex cept for rho di zo na te ion, C6O6

2– whe re its D6h
symme try was found to ha ve 3 ima gi nary fre quen cies.
Ho we ver, its energy mi ni mum has a D3d symme try with
no ima gi nary fre quency. 

Gas-pha se aci dity is de fi ned as the free energy of
de pro to na tion.41 The gas-pha se aci dity of each acid is in -
ve sti ga ted un der B3LYP/6-311+G(d,p) le vel of theory be -

cau se a study has shown that this met hod and ba sis set is
the most sui tab le for squa ric acid.17 Hen ce, we use the sa -
me le vel of theory for the ot her acids. Tab le 2 and 3 show
the energy con tri bu tion to the first and se cond dis so cia tion
of the acids, res pec ti vely. 

Tab le 2: Energy con tri bu tion to the free energy of first dis so cia tion
H2A(g) → HA–(g) + H+(g) (in kcal mol–1)

Com pounds ΔE1 Δ(ZPVE)1 ΔH1 –TΔS1 ΔG1
o

Del tic acid 323.82 –8.45 323.72 –0.31 323.41
Squa ric acid 311.29 –8.00 311.09 –0.09 311.00
Cro co nic acid 305.54 –8.00 305.35 0.21 305.56
Rho di zo nic acid 303.18 –8.00 302.98 –0.09 302.89

Tab le 3: Energy con tri bu tion to the free energy of se cond dis so cia -
tion HA–(g)→ A2–(g) + H+(g) (in kcal mol–1)

Com pounds ΔE2 Δ(ZPVE)2 ΔH2 –TΔS2 ΔG2
o

Del tic acid 438.50 –7.53 438.06 1.87 439.93
Squa ric acid 419.55 –7.76 419.22 1.80 421.02
Cro co nic acid 409.66 –8.06 409.46 1.54 411.00
Rho di zo nic acid 403.84 –8.10 403.72 0.45 404.17

From the tab les, it is shown that the free energy of
dis so cia tion de crea ses as the ring si ze in crea ses. This in di -
ca tes that the gas-pha se aci dity increa ses as the ring si ze
in crea ses. The re fo re, the aci dity of rho di zo nic acid is the
hig hest fol lo wed by cro co nic acid, squa ric acid and lastly
del tic acid. This phe no me non is due to the ne ga ti ve char -
ge of the anions being de lo ca li zed in to a big ger ring and
pro du ces mo re re so nan ce forms. Hen ce, the sta bi lity of
the ne ga ti vely char ged spe cies in crea ses as the ring si ze
in crea ses. Ot her than that, it was found that the free ener-
gies of the se cond dis so cia tion of the acids are hig her than
the free energies of the first dis so cia tion, in di ca ting that
the se cond dis so cia tion is less pre fe rab le com pa red to the
first dis so cia tion. The dis so cia tion of the se cond pro ton
in vol ves the ex trac tion of pro ton from a ne ga ti vely char -
ged spe cies (the anion for med from the first dis so cia tion)
in which is mo re dif fi cult com pa red to the dis so cia tion of
pro ton from a neu tral spe cies be cau se the pro ton is mo re
tightly bound to the anion. As a sum mary, rho di zo nic acid
(n = 6) shows the hig hest aci dity in both the first and se -
cond disso cia tion. The re fo re, it can be conc lu ded that it
has the hig hest gas-pha se aci dity among the acids stu died
in this work.

3. 3. p Ka Cal cu la tion

The cal cu la tion of pKa is do ne by op ti mi zing the
struc tu res in aqu e ous pha se and ob tai ning the ther mody -
na mic para me ters. The cal cula ted free ener gies of dis so -
cia tion in gas pha se, free ener gies of sol va tion using
SCRF (UA0 and UAHF) and LD met hods, aqu e ous free

Fi gu re 1: The struc tu res of the dif fe rent con for ma tions of each
acid. (a)i) E,E-del tic acid, (a)ii) Z,E-del tic acid, (a)iii) Z,Z-del tic
acid; (b)i) E,E-squa ric acid, (b)ii) Z,E-squa ric acid, (b)iii) 
Z,Z-squa ric acid; (c)i) E,E-cro co nic acid, (c)ii) Z,E-cro co nic acid,
(c)iii) Z,Z-cro co nic acid; (d)i) E,E-rho di zo nic acid, (d)ii) 
Z,E-rho di zo nic acid, (d)iii) Z,Z-rho di zo nic acid.
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ener gies of dis so cia tion and the pKa va lues are shown in
Tab le 4 and 5. The va lues cal cu la ted using LD methods
are mostly ne ga ti ve whi le the va lues cal cu la ted using
SCRF met hod are mostly po si ti ve. Cal cu la tion of pKa va -
lue is a very de li ca te mat ter and is very much af fec ted by
the free ener gies of sol va tion of each spe cies in vol ved in
the reac tion. The re fo re, the ex pe ri men tal va lues for the
acids we re used as re fe ren ce to de ter mi ne which met hod
is mo re fa vou red in the cal cu la tion of sol va tion free ener-
gy of the acids un der study.

For the cal cu la tion of pKa va lues of the first and se -
cond dis so cia tion (Tab le 4 and Tab le 5), all of the cal cu la -
tions show that del tic acid has the hig hest pKa va lue among
the acids un der study, in di ca ting that del tic acid is the least
aci dic. Ho we ver, the or der of aci dity for the ot her acids
shown in the three cal cu la tions dif fers from one and anot -
her. To eva lua te which acid is mo re aci dic, we com pa re the
pKa va lues of the first and se cond dis so cia tion as a who le
in stead of eva lua ting the va lues se pa ra tely in their res pec ti -
ve dis so cia tion reac tion. In this light, we conc lu de that
squa ric acid is the se cond least aci dic in this study as cal -
cu la ted by the three cal cu la tion met hods be cau se it has re -
la ti vely high pKa va lue in both the first and se cond dis so -
cia tion. The cal cu la ted pKa va lues for the first and se cond
dis so cia tion using UA0 met hod shows that rho di zo nic acid
is the most aci dic whi le for UAHF met hod, it shows that

cro co nic acid is the most aci dic. On the ot her hand, the pKa
va lues ob tai ned from LD met hod are not con si stent, sho -
wing rho di zo nic acid as the most aci dic in the first pro ton
dis so cia tion but cro co nic acid as the stron gest in the se -
cond dis so cia tion. A ge ne ral conc lu sion can not be ma de
by re fer ring to only the re sults ob tai ned from the se cal cu -
la tions. The re fo re, in this ca se, we look in to which met hod
is a mo re ac cu ra te met hod in cal cu la ting the pKa va lues by
ta king the ex pe ri men tal va lues as re fe ren ces. 

The met hods we re eva lua ted in terms of the ac cu -
racy in the cal cu la tion of sol va tion free ener gies by com -
pa ring the theo re ti cal and the ex pe ri men tal va lues. The
cal cu la tion of pKa va lue is very de pen dent on the sol va -
tion free ener gies. Un til now, the re has not been a met hod
known to cal cu la te sol va tion free energies ac cu ra tely in
theo re ti cal study. From the re sults ob tai ned, it was found
that SCRF met hod using UA0 ato mic ra dii and LD met -
hod pro du ce va lues at two ex tre me ends from the ex pe ri -
men tal va lues which ha ve sig ni fi cantly lar ge dif fe ren ces.
Whi le both of the se met hods fail to re pro du ce va lues clo -
se to that of the ex pe ri men tal re sults, SCRF met hod using
UAHF ato mic ra dii ma na ged to ful fil this task. The va lues
ob tai ned from UAHF met hod are very much clo ser to the
ex pe ri men tal va lues com pa red to UA0 and LD methods.
The re fo re, it is pre dic ted in this study that UAHF met hod
is a bet ter met hod in cal cu la ting the sol va tion free energy

Tab le 4: The free ener gies con tri bu tion to the pKa cal cu la tion of the first disso cia tion using SCRF and LD met hods, H2A(aq) → HA–(aq) + H+(aq)
(in kcal mol–1)

Com pounds ΔE1
o

gas ΔG1
o

solv
a ΔG1

o
aq

b pKa1 Exp. 
SCRF

LD
SCRF

LD
SCRF

LD
pKa1 

UA0 UAHF UA0 UAHF UA0 UAHF Va lues
Del tic acid 323.82 –310.27 –316.33 –325.63 13.55 7.49 –1.81 9.94 5.50 –1.33 2.57
Squa ric acid 311.29 –304.41 –309.94 –320.87 6.88 1.35 –9.58 5.05 0.99 –7.03 0.54
Cro co nic acid 305.54 –300.79 –306.12 –318.29 4.75 –0.58 –12.75 3.49 –0.46 –9.35 0.80
Rho di zo nic acid 303.18 –299.57 –303.66 –316.34 3.61 –0.48 –13.16 2.65 –0.35 –9.66 4.38

a Free energy of sol va tion pro vi ded by the Lan ge vin di po les (LD) met hod and sol vent reac tion field (SCRF) met hod. ΔG1
o

solv = ΔGo
solv(HA–) +

ΔGo
solv(H

+) – ΔGo
solv(H2A). The ex pe ri men tal va lue for ΔGo

solv(H
+), –264.23 kcal mol–1 was adop ted in the cal cu la tions.

b ΔG1
o
aq = ΔE1

o
gas + ΔG1

o
solv

Tab le 5: The free ener gies con tri bu tion to the pKa cal cu la tion of the se cond dis so cia tion of the acids using SCRF and LD met hods, HA–(aq) →
A2–(aq) + H+(aq) (in kcal mol–1)

Com pounds ΔE2
o

gas ΔG2
o

solv
a ΔG2

o
aq

b pKa2 Exp. 
SCRF

LD
SCRF

LD
SCRF

LD
pKa2 

UA0 UAHF UA0 UAHF UA0 UAHF Va lues
Del tic acid 438.50 –410.07 –423.06 –435.39 28.43 15.44 3.11 20.86 11.33 2.28 6.03
Squa ric acid 419.55 –399.99 –411.17 –425.47 19.56 8.38 –5.92 14.35 6.15 –4.34 3.48
Cro co nic acid 409.66 –392.71 –403.93 –418.79 16.95 5.73 –9.13 12.44 4.20 –6.70 2.24
Rho di zo nic acid 403.84 –389.23 –394.99 –411.51 14.61 8.85 –7.67 10.72 6.49 –5.63 4.65

a Free energy of sol va tion pro vi ded by the Lan ge vin di po les (LD) met hod and sol vent reac tion field (SCRF) met hod. ΔG2
o

solv = ΔGo
solv(A

2–) +
ΔGo

solv(H
+) – ΔGo

solv(HA–). The ex pe ri men tal va lue for ΔGo
solv(H

+), –264.23 kcal mol–1 was adop ted in the cal cu la tions.
b ΔG2

o
aq = ΔE2

o
gas + ΔG2

o
solv
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which greatly af fects the cal cu la tion of pKa va lue. This re -
sult is con si stent to the com ment ma de by Coo te et al.40

whe reby it was sta ted that the mo re ac cu ra te way to cal cu -
la te the sol va tion free energy is to use the ap pro pria te le -
vel of theory and ato mic ra dii in which the con ti nuum sol -
vent mo dels ha ve been pa ra me te ri zed for op ti mal per for -
man ce, and then com bi ne with the gas pha se ther mody na -
mic func tions cal cu la ted at hig her le vel of theory. 

Af ter iden tif ying the mo re ac cu ra te met hod, we can
conc lu de which acid is stron ger from he re. Sin ce UAHF
met hod is the bet ter met hod and it shows that cro co nic
acid is the stron gest acid, hen ce the or der of aci dity cal cu -
la ted by theo re ti cal ap proach is as follows; del tic < squa -
ric < rho dizonic < cro co nic. It was men tio ned that the gas-
pha se aci dity in crea ses as the ring si ze in crea ses. Na tu -
rally, one would pre dict that the aci dity in aqu e ous phase
fol lows the sa me pat tern and thus, rho di zo nic acid would
be pre dic ted to ha ve the lo west pKa1 va lue. Ho we ver, cro -
co nic acid was iden ti fied as the stron gest acid in this study
ba sed on the re sults ob tai ned in this study. To ex plain the
en han ced aci dity of cro co nic acid in aqu e ous pha se, we
look to the struc tu re of the dia nions for med from the pro -
ton dis so cia tion. Cro co na te ion has a pla nar con for ma tion
which al lows bet ter over lap ping bet ween the p-or bi tals in
the ring whi le rho di zo na te ion has a slightly twi sted con -
for ma tion which di srupt the per fect over lap ping of or bi -
tals. This over lap ping of or bi tals sta bi li zes the dia nion and
pus hes the equi li brium to its for ma tion. Thus, this fa vours
the dis so cia tion of pro tons from the acid. The struc tu res of
the dianions are shown in Fi gu re 2.

In sum mary, the ove rall aci dity of the acid in aqu e -
ous pha se in crea ses in this or der; del tic < squa ric < rho di -
zo nic < cro co nic. The first pre dic tion in this study was
that the for ma tion of re so nan ce-sta bi li zed dia nion will
drive the equi li brium to the pro duct and hen ce in crea sing
the aci dity. One would pre dict that the hig her the aro ma ti -
city of the dia nion, the hig her the aci dity. Ho we ver, this
hypot he sis was pro ven in cor rect from the theo re ti cal re -
sults in this study. In fact, del tic acid which has the hig hest
aro ma ti city among the com pounds stu died has shown the
lo west aci dity among them. A plau sib le ex pla na tion for
this is that the re are ot her fac tors af fec ting the aci dity of
the com pounds. The ex pe ri men tal works on squa ric53 and
cro co nic acids43 ha ve shown no re la tions hip bet ween the
aci dity of the acids with the de gree of aro ma ti city of the
com pounds. In fact, it was shown that the high de gree of
aci dity is ac coun tab le for the mo re po si ti ve va lue of en -
tropy con tri bu tions to the Gibbs free energy of dis so cia -
tion rat her than the energy con tri bu tions which are re sul -
ted from the sta bi li za tion by elec tron de lo ca li za tion af ter
dis so cia tion. This was ex plai ned in the de gree of struc tu -
ring of wa ter mo le cu les sur roun ding the acid which af -
fects the en tropy of the system. In theo re ti cal study, only
the sol vent’s en vi ron ment was set up in the cal cu la tions
wit hout the ac tual sol vent mo le cu les ta king part in it, hen -
ce cau sing the theo re ti cal met hod lac king in this as pect.

4. Conc lu sion

The gas-pha se aci dity and pKa cal cu la tions for
acids, CnOnH2 (whe re n = 3, 4, 5, 6) we re in ve sti ga ted un -
der B3LYP/6-311+G(d,p) le vel of theory. It was found
that the gas-pha se aci dity of the acids in crea ses as the ring
si ze in crea ses due to the for ma tion of re so nan ce-sta bi li zed
anions. Rho di zo nic acid, C6O6H2 has the hig hest gas-pha -
se aci dity; ha ving free energy of first dis so cia tion, ΔG1

o =
302.89 kcal mol–1 and free energy of se cond dis so cia tion,
ΔG2

o = 404.17 kcal mol–1. Cal cu la tions for pKa va lues we -
re do ne by op ti mi zing the struc tu res in aqu e ous pha se and
using their ther mody na mic pa ra me ters in the cal cu la tions.
Three met hods of cal cu la tion we re used to cal cu la te the
free energy of sol va tion of each spe cies in vol ved, which
are the, (i) sol vent reac tion field (SCRF) met hod using
Sim ple Uni ted Atom To po lo gi cal Mo del (UA0) and (ii)
the Uni ted Atom To po lo gi cal Mo del (UAHF) op ti mi zed
for HF/6-31G(d) le vel of theory; and (iii) Lan ge vin di po -
les (LD) met hod. From the pKa va lues cal cu la ted, it was
shown that SCRF met hod with UAHF ato mic ra dii has the
po ten tial to re pro du ce the ex pe ri men tal va lues and thus, it
is a mo re ac cu ra te met hod to cal cu la te the sol va tion free
energy. From the eva lua tion of the ac cu racy of each met -
hod and the cal cu la tion by theo re ti cal ap proach, cro co nic
acid, C5O5H2 is found to be the most aci dic in aqu e ous
pha se in which it has the va lue of pKa1= 3.49 (UA0), –0.46
(UAHF), –9.35 (LD); pKa2= 12.44 (UA0), 4.20 (UAHF),
–6.70 (LD).

Fi gu re 2: The struc tu res of the dia nions in aqu e ous pha se. a) Del -
ta te ion; b) Squa ra te ion; c) Cro co na te ion; d) i) Rho di zo na te ion;
d) ii) Rho di zo na te ion (in a dif fe rent an gle of view to see the slight-
ly twi sted con for ma tion) 

a) b)

c) d) i)

d) ii)
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Povzetek
Na B3LYP/6-311+G(d,p) nivoju teorije smo za {tiri oksokarbonske kisline, CnOnH2: 2,3-dihidroksicikloprop-en-1-on (n
= 3), 3,4-dihidroksiciklobut-3-en-1,2-dion (n = 4), 4,5-dihidroksiciklopent-4-en-1,2,3-trion (n = 5) in 5,6-di hidroksi -
cikloheks-5-en-1,2,3,4-tetron (n = 6) izra~unali kislost v plinski fazi in pKa vrednosti. Rezultati ka`ejo, da zaradi tvorbe
resonan~no stabiliziranih mono- in dianionov kislost v plinski fazi nara{~a z velikostjo obro~a. Za izra~un pKa vrednosti
je potrebno poznavanje solvatacijske energije, za oceno katere smo uporabili tri metode: (i) metodo z vklju~enim
reakcijskim poljem topila (»solvent reaction field«, SCRF), ki uporablja topolo{ki model zdru`enih atomov (simple
united atom topological model, UA0); (ii) SCRF z uporabo UA0 in optimizirano za HF/6-31G(d) nivo teorije (UAHF);
ter (iii) metodo Langevinovih dipolov. Izkazalo se je, da od vseh navedenih metoda (ii) z uporabo UAHF atomskih
radijev najbolje ponazori dejanske vrednosti. Tudi izra~unane pKa vrednosti se dobro ujemajo z eksperimentalnimi
podatki in ka`ejo, da ima oksokarbonska kislina s petimi C atomi, C5O5H2, v vodi najbolj kisel zna~aj.


